Abstract-This paper presents an orthogonal frequency division multiplexing (OFDM) system, which through the use of sub-optimal PTS combined with a preset threshold, achieves low computational complexity to find optimum weighting factors. A specific bit in weighting factor that leads to a smaller peak-to-average power ratio ( ) is identified from the sub-optimum method. And a specific threshold, which found from the OFDM frame probability, is also applied to reduce computational complexity. The performance of the proposed method was slightly degraded compared to that of optimum method, PTS. However, the complexity of the proposed method was remarkably lower than that of optimum method.
I. INTRODUCTION
C URRENTLY, a lot of attention is being paid to multi-carrier modulation and orthogonal frequency division multiplexing (OFDM). OFDM is a multi-carrier modulation technique for high data rate transmission in impulse noise and multi-path fading environment. This technique has been proposed or adapted for Digital Audio Broadcasting (DAB), Digital Video Broadcasting-Terrestrial (DVB-T), wireless LANs, and a high cellular data rate [1] . In the OFDM scheme, the symbols are transmitted in parallel, and each sub-channel has a long symbol time, thus it spreads the fading over many symbols and can immunize against some impulse noise. Furthermore, the system can be efficiently implemented using the fast Fourier transform (FFT) and the VLSI technique can reduce implementation cost. However, an OFDM signal consists of a number of independently modulated sub-carriers, which can give a high peak-to-average power ratio ( ) when added up coherently [1] - [3] . This high is significantly more sensitive to nonlinear distortion, usually caused by a high power amplifier (HPA), than single carrier systems. Since this nonlinear distortion generates inter-symbol interference and inter-modulation, a compensating algorithm to reduce the nonlinear distortion of an HPA is required. A high back off (BO) can reduce the nonlinear effects on a multi-carrier signal, yet this results in a power inefficient operation of the amplifier. Reducing the of OFDM frame can minimize power inefficiency of the amplifier. In order to reduce a high , various solutions have already been proposed, including signal distortion techniques, coding techniques, and scrambling techniques.
The partial transmit sequence (PTS) approach, which is a kind of scrambling technique for improving the statistics of the of a multi-carrier signal, was proposed by Muller and Huber [4] , [5] . In PTS, an input OFDM frame of sub-carriers is partitioned into sub-blocks. To reduce the , weighting factors are selected so that the resultant is minimized. Yet finding the best weighting factors is a complex and difficulty problem. To obtain the optimal weighting factors for each input data frame, 2 combinations are checked to obtain the minimum . Some research has already been conducted on reducing computation complexity: the iterative flipping method [6] and adaptive PTS approach [7] . This paper presents the sub-optimal weighting factor to reduce high and computational complexity. Several reduction methods have been already proposed [4] , [6] and [7] . However, none of these can simultaneously propose a high performance and low complexity result, which find optimum weighting factors. The sub-optimal PTS method proposed in the current study emphasizes specific bits in weighting factor that leads to a smaller and a threshold, which comes from Complementary Cumulative Distribution Function (CCDF) and terminates weighting factor optimization as soon as the of an OFDM frame is below threshold. This paper is organized as follows: Section II reviews characteristics of OFDM signals and existing reduction methods. Section III, introduces the proposed weighting factor method using threshold operation. Section IV presents the experimental results.
II. REDUCTION METHOD

A. Characteristics of OFDM Signal
The characteristic of the OFDM signal is important information to minimize . Because the of an OFDM system varies symbol by symbol, the performance can be expressed by the probability, i.e., a cumulative distribution function (CDF) , that the will exceed a certain threshold. The OFDM complex base-band signal for sub-carriers can be written as: (1) where and are the in-phase and amplitude modulating symbols. From the central limit theorem it follows that for large values of , the real and imaginary values of become Gaussian distributed.
The power distribution of the OFDM signal is expressed by , where and are the statistically independent Gaussian random variables of the real and imaginary values of the OFDM signal, respectively, and is the central chi-square distribution with two degrees of freedom and zero mean. Hence, the corresponding cumulative distribution function of can be written as: (2) 0018-9316/03$17.00 © 2003 IEEE where is probability distribution function. The characteristic function can be determined in a closed form when the number of random variables is specifically even. Then the CDF of becomes (3) The high amplitudes can cause a high , defined as (4) where is the maximum values of the OFDM signal power, and is the average of those values.
B. Partial Transmit Sequences
A PTS transmitter is shown in Fig. 1 . In the PTS approach, the input data block is partitioned into disjointed sub-blocks. And each sub-block is multiplied by weighting factor, which obtained with optimization algorithm. The data block, , is defined as a vector, , where denotes the number of sub-carriers in the OFDM frame. Then, is partitioned into disjointed sub-blocks, represented by the vector , such that (5) It is assumed that the sub-blocks consist of a contiguous set of sub-carriers and are of equal size. The goal of the PTS approach is to form a weighted combination of the sub-blocks,
where are the weighting factors which are phases consisting of , . After transforming to the time domain, the new time domain vector becomes (7) The optimal weighting factor that minimize the can be obtained from a comprehensive simulation of all possible combinations, 2 .
C. Cimini's Algorithm [3]
Cimini's weighting factor assignment method is described in Fig. 1 . After dividing the input OFDM block into clusters, an -point PTS is formed. , are the weighting factors and is the number of sub-carriers. As the first step, assume that for all and compute the of the combined signal. Next, invert the first weighting factor ( ) and re-compute the resulting . If the new is lower than that in the previous step, retain as part of the final weighting sequence; otherwise, reverts to its previous value. The algorithm continues in this fashion until all possibilities for flipping the signs have been explored. The computational complexity is thus reduced to the number of sub-blocks . The weighting factor bit in Cimini's method is calculated only once in order to identify the sub-optimal factor bits. As such, when the current weighting bit combined with a previous bit makes a low , an optimum weighting factor can't be found.
III. PROPOSED REDUCTION METHOD
A. Sub-blocks Partition Method
Sub-block partition for PTS is a method of division of sub-blocks into multiple disjoint sub-blocks. In general, it can be classified into interleaved, adjacent, and pseudo-random method. For the interleaved method, every sub-block signal spaced apart is allocated at the same sub-block. In the adjacent scheme, successive sub-blocks are assigned into the same sub-block sequentially. And each sub-block signal is assigned into any one of the sub-blocks randomly in the pseudo-random scheme. The pseudo random partition scheme, which has good performance among sub-block partition methods, is chosen. As an example, allocation of sub-block signals with pseudo random partition scheme is represented in Fig. 2 [8] .
B. Sub-Optimal Weighting Factors
After dividing the input OFDM block into clusters through the sub-block partition method, an -point PTS is formed. The weighting factor assignment method of the proposed method, which consists of level processes, is depicted in Fig. 3 , where is the number of sub-blocks, the number of process, and the fixed optimum weighting factor bit in every processing level.
For the first level process, assume that for all where , are the weighting factor bits and compute the of the combined signal. If it is less than a set threshold , then stop the optimization. If not, invert the first weighting factor ( ), re-compute the resulting , and store it. If it is less than , retain as part of the final weighting sequence and stop the optimization. If not, make for all and invert the second weighting ( ), re-compute the resulting , and store it. If it is less than , retain as part of the final weighting sequence and stop the optimization. The first level processing then continues in this fashion until the Fig. 2 . Generation of sub-blocks using pseudo random partition scheme. last weighting factor . Then the smallest value among the first level processes, is represented as (8) where means the minimum value in the given expression and is the number of levels, the position that has the smallest . Next, invert the weighting factor . If is below , change to and proceed to the second level, otherwise, stop the optimization. For the second level process, assume that for all , except for the weighting factor ( ) obtained in the first level processes, and invert the weighting factor ( ) from the first bit to the last bit in the sequence, as the first level processes. In the second level processes the smallest value, is represented as without calculating (9) If is below , change to and proceed to the third level, otherwise, stop the optimization. The third level processing continues in this fashion until the last process. After the last process is finished, the optimum weighting factors for the OFDM frame are given by (10) There are two methods that can stop the optimization. One is the same condition and the other is a threshold condition. When , which is the smallest value in the th level process, is the same as , which is the smallest value in the th level process, it is regarded as the same condition. When the value is below the threshold , calculated from the OFDM signal characteristics, the optimization process stops in any iteration. Such a reasonable threshold can reduce the computational complexity without any performance degradation. The two main differences between the proposed method and previous method are the condition that stops the weighting factor optimization and the level processing, explained above. Table I compares the computational complexities of the PTS, Cimini, and proposed method. For example, the maximum computational complexity with 16 sub-blocks is 32 768 for the PTS method, 16 for the Cimini, and for the proposed method. The minimum iteration count can be 1 for the proposed method because of the threshold value.
C. Threshold Detection for Number of Sub-Blocks
The power distribution of the OFDM signal has a central chi-square distribution with 2 degrees of freedom and zero mean. From the power characteristics of the OFDM signal, it can be inferred that many OFDM frames have low . The computational complexity to search weighting factors of PTS method can be reduced using a threshold [7] . The search is terminated as soon as the drops blow the threshold. In this paper, a threshold is also applied to reduce calculation complexity and calculated from the CCDF equation, which gives optimal threshold for the number of sub-blocks as follows. When sub-carriers and sub-blocks are assumed, the probability that the will exceed a certain of is represented as (11) From (11), of threshold , which is satisfied with given probability CCDF, can be represented as (12) where is . When a threshold is set higher than the required threshold , CCDF is decreased. As such the threshold should be set at low value within a range that involves no performance degradation.
From (12), the minimum threshold which achieves a 0.1% CCDF is 11.19 dB for one block, 8.96 dB for 4 blocks, and 8.35 dB for 8 blocks. For 0.01% CCDF, minimum threshold is 11.89 dB for one block, 9.29 dB for 4 blocks, and 8.57 dB for 8 blocks.
IV. EXPERIMENTAL RESULTS
To evaluate and compare the performance of the sub-optimal PTS, computer simulation has been performed. To obtain the CCDF and computational complexity, 20 000 random OFDM frames were generated. When the number of sub-carriers was over 128, the pdf of the sub-carriers was nearly a Gaussian distribution. And the result for the 512 (or 1024) sub-carriers is meaningful for the application like as DAB, DVB-T and etc. Hence 512 sub-carriers were assumed per OFDM frame. The QPSK data symbols were applied for symbol mapping. Four and eight sub-blocks were used for the simulation due to the system complexity. The weighting factor used to optimize the peak value of the modulated signal was . The sampling rate for an accurate , need to be above the 4. In the performance comparison, two kinds of parameter, CCDF and computational complexity (CC), were defined as (13) and (14) where is the number of iterations per an OFDM symbol and is the number of OFDM symbols. The sub-block partition for proposed sub-optimal method involves dividing the sub-blocks into multiple disjoint sub-blocks. Therefore, determining which sub-block partition method produces the best performance is important. The CCDF of proposed method using the interleaved, adjacent, and pseudo-random sub-block partition methods with a QPSK constellation is shown in Fig. 4 .
The 0.1% of the original OFDM signal with one sub-block was 11.5 dB, indicating a large . The 0.1% of the interleaved, adjacent, and pseudo-random sub-block partitioned OFDM signal was 9.3 dB, 9.9 dB and 8.9 dB, respectively, for the sub-blocks and the 8.7 dB, 8.7 dB and 8.5 dB, respectively, for
. When the number of sub-blocks was 8, the of the PTS was reduced by nearly 3 dB. Since the pseudo-random method exhibited the best performance for numbers of sub-blocks over one, the pseudo-random method was selected as the sub-block partition method for the performance comparison. The CCDF, for is shown in Fig. 5(a) . The 0.1% of the original OFDM frame was 11.5 dB. PTS and the sub-optimal PTS improved on this by 2.6 dB with nearly the same performance for , while Cimini's method improved it by 2.2 dB. From (12), thresholds, 8.082 dB, 8.3511 dB, and 8.9592 dB, are applied for 4 sub-blocks. The 0.1% of the OFDM frame with threshold is same that of the OFDM frame without threshold. For 8.082 dB threshold, the 0.1% of the OFDM frame is same that of the OFDM frame without threshold. The CCDF, for is shown in Fig. 5(b) . The 0.1% of an OFDM frame using PTS was 7.9 dB, while the performance loss with the sub-optimal PTS and Cimini methods was only 0.6 dB and 1.2 dB, respectively. The iteration number of proposed method is shown in Table II. For , the complexity of the PTS method was 8 iterations per OFDM frame, while Cimini's method only required 4 iterations and the complexity was comparatively reduced by up to 50%. Meanwhile, the complexity of the sub-optimal PTS method required 7.8531 iterations per OFDM frame without a threshold, yet with a threshold of 8.082 dB, 8.3511 dB, and 8.9592 dB exhibited a lower complexity than Cimini's method with only 5.1512, 3.5537, and 1.65 iterations on average per OFDM frame, respectively. The 8.082 dB, 8.3511 dB, and 8.9592 dB threshold calculated from the (12), can maximally achieve 10% CCDF for 4 sub-blocks, 0.1% CCDF for 8 sub-blocks, and 0.1% CCDF for 4 sub-blocks. For example when a threshold is set higher than 8.9592 dB for 512 sub-carriers and 4 sub-blocks, CCDF can not achieve 0.1% CCDF. From the (12), the max threshold which achieves required CCDF can be calculated from subcarriers, sub-blocks and . When compared to the PTS method the complexity of the sub-optimal PTS method was only 64.3, 44.4, and 20.6%, respectively. For , the PTS method required 128 iterations per OFDM frame, while Cimini's method required 8 iterations and the sub-optimal PTS method without a threshold required 19.47 iterations per OFDM frame. The complexity of Cimini's method was only 6.3% of that of the PTS method. The sub-optimal PTS with a threshold of 8.082 and 8.3511 dB exhibited a lower complexity than the iterative flipping method with only 7.16 and 4.01 iterations per OFDM frame, respectively, while compared to the PTS method the complexity was only 5.6 and 3.1%, respectively. This paper presented a sub-optimal PTS, which find specific bit in weighting factor that leads to a smaller each processing, to reduce the of an OFDM signal. By using a preset threshold the number of iterations was reduced with only a slight performance degradation compared to conventional methods. For 4 sub-blocks, the performance of the proposed method was the same as that of PTS while the complexity was only 20.6% of that of PTS. For 8 sub-blocks, the performance of the proposed method was slightly degraded compared to that of PTS and slightly improved compared to that of Cimini's method. Yet the complexity was only 3.1% of that of PTS and 50.1% of that of Cimini's method.
